Adami A, Koga S, Kondo N, Cannon DT, Kowalchuk JM, Amano T, Rossiter HB. Changes in whole tissue heme concentration dissociates muscle deoxygenation from muscle oxygen extraction during passive head-up tilt. J Appl Physiol 118: 1091-1099. First published February 12, 2015 doi:10.1152/japplphysiol.00918.2014.-Skeletal muscle deoxygenated hemoglobin and myoglobin concentration ([HHb]), assessed by near-infrared spectroscopy (NIRS), is commonly used as a surrogate of regional O2 extraction (reflecting the O2 delivery-to-consumption ratio, Q /V O2). However, [HHb] change (⌬[HHb]) is also influenced by capillary-venous heme concentration, and/or small blood vessel volume (reflected in total heme; [THb]). We tested the hypotheses that ⌬[HHb] is associated with O2 extraction, and insensitive to [THb], over a wide range of Q /V O2 elicited by passive head-up tilt (HUT; 10-min, 15°increments, between Ϫ10°a nd 75°). Steady-state common femoral artery blood flow (FBF) was measured by echo-Doppler, and time-resolved NIRS measured [HHb] and [THb] of vastus lateralis (VL) and gastrocnemius (GS) in 13 men. EMG confirmed muscles were inactive. During HUT in VL [HHb] increased linearly (57 Ϯ 10 to 101 Ϯ 16 M; P Ͻ 0.05 above 15°) and was associated (r 2 ϳ 0.80) with the reduction in FBF (618 Ϯ 75 ml/min at 0°to 268 Ϯ 52 ml/min at 75°; P Ͻ 0.05 above 30°) and the increase in [THb] (228 Ϯ 30 vs. 252 Ϯ 32 M; P Ͻ 0.05 above 15°). GS response was qualitatively similar to VL. However, there was wide variation within and among individuals, such that the overall limits of agreement between ⌬[HHb] and ⌬FBF ranged from Ϫ35 to ϩ19% across both muscles. Neither knowledge of tissue O2 saturation nor vascular compliance could appropriately account for the ⌬[HHb]-⌬FBF dissociation. Thus, under passive tilt, [HHb] is influenced by Q /V O2, as well as microvascular hematocrit and/or tissue blood vessel volume, complicating its use as a noninvasive surrogate for muscle microvascular O2 extraction.
time-resolved near-infrared spectroscopy; echo-Doppler; blood flow; tissue saturation; vascular compliance NEAR-INFRARED SPECTROSCOPY (NIRS) provides a noninvasive window on the microvascular and intramuscular oxygenation status of skeletal muscle under a wide range of conditions, at rest or in exercise, in health, and in clinical populations. NIRS measures absorbance of light in the near-infrared range (ϳ750-950 nm) by tissues ϳ1.5-2.0 cm beneath the skin, allowing the relative concentrations of oxygenated (HbO 2 ) and deoxygenated (HHb) heme chromophores to be calculated from the absorbance spectrum. Thus total heme concentration (THb; the sum of HHb and HbO 2 ) and tissue O 2 saturation (StO 2 ; the ratio of HbO 2 to THb) can be estimated. While NIRS does not discriminate between absorbance by hemoglobin (Hb) or myoglobin (Mb) (7, 32, 45, 46) , absorbance in large vessels is high due to high regional tissue [Hb] : this means that NIRS provides information on the oxygenation status within small blood vessels (arterioles, capillaries, and venules), and myocytes, i.e., the site of oxygen exchange. NIRS-derived estimates of muscle deoxygenation are proposed to reflect the oxygen delivery-toconsumption ratio (Q /V O 2 ) within the NIRS field of view (43) .
Often, in skeletal muscle studies HHb, rather than StO 2 , has been the variable of interest because 1) unlike HbO 2 , it is relatively insensitive to changes in skin blood volume or flow (12, 17, 23, 26, 35 ; c.f. 31), and therefore better reflects the deoxygenation status of the muscle under the probe; and 2) changes in HHb are assumed to be localized within the capillary-venous compartment, at least under conditions where change in arterial saturation or Hb concentration is unlikely. Thus, by conceptually replacing venous oxygen concentration in the Fick equation, NIRS-derived ⌬HHb measurement is commonly used as a noninvasive surrogate for microvascular O 2 extraction (e.g., 6, 8, 9, 13, 17, 28, 34) . However, ⌬HHb depends on 1) extraction-related mechanisms, or Q /V O 2 ; and 2) microvascular hematocrit and/or tissue blood-vessel-volumerelated mechanisms that influence heme concentration within the interrogated tissue. This latter reflects the fact that heme concentration within the tissue may change with limb blood volume (47) , independently of the microvascular heme concentration or hematocrit. Thus ⌬HHb is influenced by changes in hematocrit, capillary-venous heme concentration, and/or volume of small blood vessels. Each of these qualifying conditions includes the assumption that [Mb] and arterial oxygen concentration are constant. Thus the valid use of ⌬HHb as an index of O 2 extraction depends on the assumption that tissue heme concentration is constant (41) (42) (43) (44) , or that any change in tissue heme concentration is isolated to change in [ HbO 2 ].
To challenge these assumptions we used passive incremental head-up tilt (HUT) to redistribute blood volume in the dependent leg muscles (21) , and to incrementally reduce femoral artery blood flow (FBF). We combined this with time-resolved (TRS) NIRS to assess muscle heme concentration change (⌬[THb]). TRS NIRS is different from conventional NIRS instruments in that it uses diffusion theory to measure mean photon time-of-flight and photon loss in skeletal muscle, allowing the optical pathlength, scattering, and absorption coef-ficients to be quantified, and calibrated absolute concentrations of heme chromophores to be calculated (10, 25 
MATERIALS AND METHODS
Participants. Sixteen young, healthy, moderately active, nonsmoking men volunteered to participate in this study. Three participants experienced syncope during the HUT protocol (above 45°) and were unable to complete the study. Therefore, responses from the 13 volunteers who completed the HUT protocol were included in the analysis (mean Ϯ SD: age, 20 Ϯ 2 yr; height, 171 Ϯ 4 cm; body mass, 61 Ϯ 4 kg). All participants were informed about the procedures and risks associated with the approved experimental protocol and provided written informed consent approved by the Human Subjects Committee of Kobe Design University in accordance with the Declaration of Helsinki. Participants visited the laboratory twice within 5 days to perform passive HUT at visit 1, and adipose tissue thickness was measured at visit 2. Participants were instructed 1) to refrain from strenuous activity the day before each visit; 2) to sleep at least 8 h the night before the tests; and 3) to have a light meal no less than 2 h before reporting to the laboratory.
Tilt protocol. The HUT protocol was a modification of Ferrari et al. (11) and Binzoni et al. (2) . Participants lay supine on a padded tilt-table and were secured with a harness system over the shoulders, chest, and waist (in a similar arrangement to a backpack harness) to minimize movement and prevent falling. Padding was removed from the table in the region of the calf muscles to avoid contact with NIRS and electromyography probes. The participant was asked to lie still and quiet, and to relax the lower limb muscles during ϳ2 h protocol. The protocol started with 10 min basal measurement at 0°, during which the common femoral artery was localized (see Femoral artery blood flow by Doppler ultrasound for details). The table was tilted manually over 10 s and remained at each of the following angles for 10 min: Ϫ10°, 0°, 15°, 30°, 45°, 60°, 75°, Ϫ10°, and 75°. At the end of the incremental tilt phase, repeated tilts to Ϫ10°and to 75°(each for 10 min) were completed as an internal control, which together with the repeated measurements at 0°were used to assess reproducibility. The ambient temperature was maintained at ϳ20°C by air conditioning.
TRS NIRS.
[HHb] and [HbO 2] were measured at the right vastus lateralis (VL) and gastrocnemius (GS) muscles using TRS NIRS (TRS-20, Hamamatsu Photonics KK, Hamamatsu, Japan) to assess oxygenation distribution among different tissues during HUT. The principles and algorithms of TRS NIRS have been presented elsewhere (38, 39) . Briefly, heme chromophore concentrations (in M) are measured by emitting a picosecond light pulse at three different wavelengths (760, 795, and 830 nm). Light is emitted at a frequency of 5 MHz and a full width at half maximum of 100 ps. The optical pathlength, reduced scattering, and absorption coefficients are estimated by a function, based on diffusion theory, fitted to the intensitytime profiles of the reflected light (3, 5, 24, 25, 38). Calibration of the instrument was performed before each test by measuring the response when the emitting and receiving optodes face each other through a neutral-density filter in a black tube.
Each NIRS probe was housed in a black plastic holder to maintain optode spacing and prevent extraneous light entering the field. The emitter-receiver optode spacing was 3 cm. The skin at the site of the NIRS probe placement was cleaned with alcohol (and shaved where needed). Probes were fixed to the skin with double-sided adhesive tape and secured medical tape. The probe positions were marked with ink to facilitate localization of the adipose tissue thickness measurement in visit 2. NIRS variables were recorded at 0. Femoral artery blood flow by Doppler ultrasound. A Doppler ultrasound (Logiq400, GE-Yokogawa Medical Systems, Tokyo, Japan) with flat linear array probe operating at a frequency of 11 MHz was used to measure blood velocity in the right common femoral artery. During baseline (0°) the vessel was localized approximately 2-3 cm above the common femoral artery bifurcation, and penmarked to facilitate measurement of the same region of the vessel throughout the protocol. The sample volume was maximized according to vessel size and was centered within the vessel. The vessel diameter was measured perpendicular to the central axis of the artery by caliper in B-mode, after having frozen the optimized image, and was remeasured in the steady state at each tilt angle.
Blood velocity was measured for 1 min between minutes 9 and 10 of each tilt angle with a probe insonation angle of ϳ60°and a sample volume maximized to the artery size. Subsequently, mean velocity (v mean; angle-corrected and intensity-weighted area under the curve) was automatically determined (LOGIQ 400 PRO, version 5.01, GE Medical Systems), and FBF was calculated off-line as:
(1)
Surface electromyography (EMG).
To assess lower limb muscle activity, and confirm passive tilt, EMG was recorded from the VL and GS. The skin was shaved and cleaned with alcohol, and bipolar electrodes were placed 0.5 cm below the NIRS probes. To improve signal-to-noise, electrode cables were fixed to the skin with adhesive tape. EMG signals were acquired at 2 kHz throughout the HUT protocol and were digitally converted (MP 150, Biopac System, Goleta, CA), band-pass filtered (Butterworth, 5th order, 5-450 Hz), full-wave rectified, and smoothed with a high-pass filter (Butterworth, 5th order, 15 Hz). Root mean square (RMS) EMG activity for VL and GS were calculated during the last minute of each tilt angle and compared with the baseline value. EMG analysis was performed using Matlab 7.14 (Mathworks, Natick, MA).
Central hemodynamics by Finometer. Mean arterial pressure (MAP, mmHg) and heart rate (HR, min Ϫ1 ) were derived from the arterial pulse pressure profile, continuously recorded at the fingertip using noninvasive photoplethysmography (Finometer, FMS, The Netherlands). Throughout the experiment, the participant's arm was kept in a comfortable position at the side with the fingers extended. Pressure was corrected in real-time for the vertical distance between the heart and the finger cuff. At the beginning of the protocol (at 0°) the Finometer finger pressure was automatically calibrated to the pressure at the brachialis artery using a cuff on the upper arm, according to the manufacturer's instructions. Stroke volume (SV, ml) was calculated beat-by-beat using the Modelflow method (49) applied to the pulse pressure profile. Beat-by-beat cardiac output (Q , l/min) was calculated off-line as the product of SV and HR.
Estimation of vascular compliance. Vascular compliance (VC) within the NIRS field of view was estimated (in units of M/mmHg) in the VL and GS from the ratio of ⌬[THb]/⌬P, where P is intravascular pressure above MAP (which remained constant throughout the experiment; see RESULTS) (2; also see 47). Briefly, P was calculated, by 1) the vertical distance (l) at each tilt angle (␣) between the heart and the NIRS probes on the VL and GS; 2) the mass density of blood ( ϭ 1.060 kg/m 3 ); and 3) the acceleration of gravity (g), using the equation:
Adipose tissue thickness measurement. NIRS variables were corrected within each individual for variation in adipose tissue thickness (ATT) at the VL and GS (25, 37) . At visit 2 participants lay supine for 15 min while the ATT was determined by Doppler ultrasound. [THb] was measured by TRS NIRS at rest for 2 min at the two muscle sites (previously marked by ink). The [THb]-ATT linear regression was used to normalize TRS NIRS variables to a common ATT of 0 mm, as previously described by Bowen et al. (3) .
Statistics and analyses. All data are means Ϯ SD, unless otherwise specified. Data were analyzed by one-way ANOVA for repeated measures. When a significant difference was detected, a Dunnett's multiple comparison test was used to determine the location of significant differences compared with baseline (0°) (Prism v6.0b, GraphPad Software, San Diego, CA). Regression analysis was used to estimate the association between ⌬FBF and ⌬[HHb] during the HUT protocol. Individual and group variability in the association between normalized ⌬FBF and ⌬[HHb] was assessed using the intraclass correlation coefficient (ICC) and a difference plot. Significant differences were accepted at P Յ 0.05.
RESULTS
Adipose tissue thickness. ATT at VL was 4.9 Ϯ 1.5 mm, and at GS was 4.0 Ϯ 1.3 mm. ATT was inversely linearly correlated with [THb] (y ϭ Ϫ18.8x ϩ 218; r 2 ϭ 0.64), similar to Bowen et al. (3) .
Cardiovascular and electromyographic responses to HUT. Femoral artery diameter was 9 Ϯ 0.8 mm at baseline (0°) and did not differ throughout the HUT protocol (P ϭ 0.79). VL and GS RMS EMG also was unchanged compared with baseline throughout HUT. Relative to baseline, the mean change during HUT of RMS EMG in the VL was Ϫ0.6 Ϯ 2.2 % (n ϭ 9, P ϭ 0.15) and was Ϫ0.3 Ϯ 12.1 % (n ϭ 7, P ϭ 0.57) in the GS. Figure 1 shows the central cardiovascular responses to HUT. SV was 94 Ϯ 10 ml at baseline. As expected, SV decreased with increased tilt angle (P Ͻ 0.05 from 45°vs. baseline; Fig.  1A ), reaching 57 Ϯ 13 ml at 75°. HR (baseline HR ϭ 63 Ϯ 12 min Ϫ1 ) increased during HUT (P Ͻ 0.05 from 45°; Fig. 1B) , reaching 94 Ϯ 16 min Ϫ1 at 75°. Consequently cardiac output (baseline cardiac output ϭ 5.9 Ϯ 1.3 l/min) was unchanged during HUT (P Ͼ 0.05; Fig. 1C ). MAP, which was 80 Ϯ 9 mmHg at baseline, also was unchanged (P Ͼ 0.05) up to 75°. Despite the length of the 2-h protocol, the internal control measurements (repeated tilts to Ϫ10°and 75°) suggested little variance in central hemodynamics: there was a small difference in SV at 75°between repeated measurements (57 Ϯ 13 vs. 61 Ϯ 10 ml; P ϭ 0.02), but HR and cardiac output did not differ between repeated measurements at either angle.
The tilt protocol was successful in redistributing cardiac output away from the dependent limbs. FBF was 618 Ϯ 75 ml/min at baseline and decreased progressively during HUT (P Ͻ 0.05 from 30°) to 268 Ϯ 52 ml/min at 75°, a 56 Ϯ 11 % reduction (Fig. 2C) .
TRS NIRS responses to HUT. In the VL ( Fig. 2A) , [HHb] was 57.2 Ϯ 10.5 M at baseline and increased progressively during HUT (P Ͻ 0.05 from 15°) to 100.6 Ϯ 15.5 M at 75°, a 78 Ϯ 20 % increase. In concert, [HbO 2 ] decreased from 170.4 Ϯ 21.9 M at baseline to 151.8 Ϯ 25.6 M (P Ͻ0.05 from 30°), an 11 Ϯ 7 % decrease. On average [THb] increased by 11 Ϯ 5% in the VL during tilt (P Ͻ 0.05 from 15°). The responses in the GS were qualitatively similar to the VL, but with greater magnitude (Fig. 2B) and ⌬FBF were normalized between the minimum (0%) and Figure 3A shows that, on average, the reduction in FBF during HUT was well reflected in the increase in [HHb] . In addition, within individuals there was a strong linear correlation between ⌬FBF and ⌬[HHb] in both VL (r 2 ϭ 0.79 Ϯ 0.12) and GS (r 2 ϭ 0.80 Ϯ 0.13). Overall, there was good agreement between ⌬FBF and ⌬[HHb] in VL (ICC ϭ 0.84 Ϯ 0.08) and GS (ICC ϭ 0.86 Ϯ 0.08). However, while in some participants ⌬[HHb] showed strong agreement with ⌬FBF (Fig. 3B) , in others agreement was weaker (Fig. 3, C and D) . The individual lower bound of the ICC was less than 0.70 in 9 (VL) and 10 (GS) of the 13 participants (mean ICC lower bound ϭ 0.44; mean ICC upper bound ϭ 0.96). The mean bias, and 95% confidence intervals, for the ten ⌬FBF and ⌬[HHb] measurements during HUT are shown for each individual in Fig. 3, E and F (Fig. 3, E and F) ranged from Ϫ35 to ϩ19 %. These limits exceeded the test-retest variability of the individual [HHb] and FBF measurements. Repeated measures at Ϫ10°, 0°, and 75°showed low individual coefficients of variation among subjects for both TRS NIRS (VL: 5, 5, 4%; GS; 3, 5, 4%, respectively) and for FBF (9, 12, 11%, respectively).
Between 0°and 75°, the predominant contributor to ⌬ Fig. 4 ). However, while estimated VC ranged widely (from 0.14 to 0.62 M/mmHg), there was no relationship between VC and variance in the ⌬[HHb] to ⌬FBF relationship (VL, r 2 ϭ 0.001; GS, r 2 ϭ 0.03).
DISCUSSION
Using TRS NIRS, this study examined two common assumptions in the application of NIRS to skeletal muscle. First, we used passive HUT and noninvasive assessment of bulk FBF to generate a broad range of muscle Q /V O 2 values, to determine the agreement between regional ⌬[HHb] and the change in limb O 2 extraction. On average, over the entire passive HUT protocol, we found good agreement between ⌬FBF and ⌬[HHb] in both VL and GS (ICC ranged from 0.70 to 0.96). However, the variability in this association across Q /V O 2 values was wide both within and among individuals (confidence intervals were Ϫ35 % to ϩ19 %; Fig. 3, E and F) 2 . Interestingly, when the muscle was vasodilated by adenosine infusion and blood flow was experimentally controlled at a high rate, the association between ⌬[HHb] and ⌬SvO 2 was stronger (r 2 ϭ 0.93). These data highlight that although ⌬[HHb] and O 2 extraction can be dissociated from each other, the degree of dissociation depends on an interaction between extraction-related and volume-related changes in [HHb] .
In our study we determined average [HHb] over 1 min following 9 min of steady-state rest. Under these very controlled conditions, we found that [HHb] was influenced by both extraction-related and volume-related mechanisms. The question arises, to what degree can volume-related change in [HHb] influence the utility of NIRS measurements as a surrogate for microvascular O 2 extraction? The variability that we observed between ⌬FBF and ⌬[HHb] (ϳ15-30%) suggests that this influence is important during passive HUT where muscle activity is minimal, and that [HHb] may not consistently provide an accurate surrogate for O 2 extraction (Fig. 3) . The relative dispersion between ⌬FBF and ⌬[HHb] we found was similar to the dispersion between StO 2 and femoral venous O 2 saturation in Vogiatzis et al. (48) . Interestingly, using NIRSderived measurements from six sites of the superficial quadriceps, Vogiatzis et al. (48) also showed that the V O 2 /Q ratio was low (ϳ0.1) and varied very little among sites or among experimental conditions (rest, exercise, and hypoxia). The relatively low dispersion in regional V O 2 /Q (ϳ12-15%) compared with the dispersion between ⌬FBF and ⌬[HHb] from our study (ϳ15-30%) highlights that volume-related mechanisms likely contribute to dissociating ⌬[HHb] from regional O 2 extraction, at least during passive HUT.
The most common NIRS application in muscle is during exercise. While our study likely elicited a similar magnitude of O 2 extraction as expected during high-intensity exercise {limb blood flow was halved from ϳ620 ml/min at 0°, to ϳ270 ml/min at 75°; thus estimated arteriovenous oxygen concentration difference [C(a-v )O 2 ] across the leg was also halved from ϳ0.08 ml O 2 /ml blood at baseline to ϳ0.16 ml/ml at 75°}, it is difficult to extend our results to exercise conditions. This is because passive HUT likely maximizes the volumerelated influence on [HHb] , whereas muscle contractions in exercise are expected to counter the vascular distension and microvascular hemoconcentration (28) (Figs. 3 and 4) . Thus, in this study, common volume-correction methods were not successful to account for the influence of volume-related heme shifts on ⌬ [HHb] .
The finding that the volume-related component of ⌬[HHb] is large during HUT is consistent with previous studies. Ferrari et al. (11) Limitations. This study made some assumptions that are important to highlight. We assumed leg muscle V O 2 to be constant, based on little to no change in EMG activity; but regional V O 2 within the TRS NIRS field of view is unknown. More importantly we assumed that tilt-induced ⌬FBF represented change in microvascular blood flow within the small vessels interrogated by TRS NIRS. The TRS NIRS signals are derived from surface tissues (including skin, adipose, and muscle), and thus this sample will not be representative of the entire vastus lateralis or gastrocnemius. While these muscles have a heterogeneous expression of fiber type and capillary density, surface muscle tends to have a greater expression of type II fibers with lower rates of perfusion (22, 33) . Additionally, blood flow control may differ between conduit vessels perfusing regions of muscle expressing fast-or slow-twitch muscle fibers (27) . Therefore, the degree with which ⌬FBF reflected regional, microvascular ⌬Q /V O 2 in this study is dependent on these assumptions. It may be that the deviations from identity between ⌬[HHb] and ⌬FBF (Fig. 3) reflect the magnitude of the variance in microvascular ⌬Q /V O 2 around the mean measured across the whole muscle (i.e., approximately Ϯ15-30 %; 27, 48). In an attempt to reduce the influence of these variables, we made our measurements in the steady state, 9 min after each tilt increment. Also, the normalization process (i.e., to the maximum and minimum [HHb] at each muscle site) should account for differences in absolute Q /V O 2 between muscles (i.e., were the relationship between blood flow and tilt angle to differ between vastus lateralis and gastrocnemius), and focuses the analysis on the degree to which change in [HHb] is reflected change in Q /V O 2 . Thus, our interpretation relies on the assumption that ⌬[HHb] is a linear function of ⌬FBF (under the passive conditions of this experiment), and is independent of the absolute FBF change, should it vary between muscles.
Estimating intravascular pressure in the arterioles, capillaries, and venules is complex, i.e., the vessels from which the TRS NIRS signal derives. The VC calculation reflects pressure change across tilt angles within large-conduit arteries outside of the muscle, and to a lesser extent, resistance arterioles within the muscle. The intravascular pressures calculated using Eq. 2 may therefore not well represent the vascular pressures within the vessels measured by TRS NIRS. As the main purpose of the experiment was to determine the effect of changes FBF using HUT (measured by Doppler ultrasound) on [HHb] , the uncertainly associated with VC estimation in the microvasculature does not influence the main study conclusion.
Conclusions. This study examined two common assumptions in the application of NIRS to skeletal muscle, using passive head-up tilt and While this concern may be mitigated during exercise by the effects of muscle contractions, our data emphasize the complexity in interpreting NIRS deoxygenation (and other NIRSderived) signals.
